Aims/hypothesis Mutations in the hepatocyte nuclear factor 1-α gene (HNF-1α, now known as the transcription factor 1 gene [TCF1]) cause the most common monogenic form of diabetes, MODY3, but it is not known if common variants in HNF-1a are associated with decreased transcriptional activity or phenotypes related to type 2 diabetes, or whether they predict future type 2 diabetes. Subjects and methods We studied the effect of four common polymorphisms (rs1920792, I27L, A98V and S487N) in and upstream of the HNF-1α gene on transcriptional activity in vitro, and their possible association with type 2 diabetes and insulin secretion in vivo. Results Certain combinations of the I27L and A98V polymorphisms in the HNF-1α gene showed decreased transcriptional activity on the target promoters glucose transporter 2 (now known as solute carrier family 2 [facilitated glucose transporter], member 2) and albumin in both HeLa and INS-1 cells. In vivo, these polymorphisms were associated with a modest but significant impairment in insulin secretion in response to oral glucose. Insulin secretion deteriorated over time in individuals carrying the V allele of the A98V polymorphism (n=2,293; p=0.003). In a new case-control (n=1,511 and n=2,225 respectively) data set, the I27L polymorphism was associated with increased risk of type 2 diabetes, odds ratio (OR)=1.5 ( p=0.002; multiple logistic regression), particularly in
Introduction
Type 2 diabetes is a late-onset polygenic disease, in which an affluent westernised environment interacts with genetic factors to bring about disease manifestation. The prevalence of the disease increases with age and bodyweight [1] . It is likely that genetic factors can identify individuals susceptible to changes in the environment. The greatest success in the genetics of type 2 diabetes has been the identification of genes causing MODY, whereas dissection of the genetic causes of late-onset type 2 diabetes has been less rewarding.
It has been speculated that milder variants in the same genes that cause early-onset monogenic forms can increase risk of late-onset type 2 diabetes. In support of this view, rare mutations in the genes encoding peroxisome proliferator-activated receptor-γ and potassium inwardly rectifying channel, subfamily J, member 11 (previously known as Kir6.2) have been shown to cause rare early-onset forms, whereas common variants in these genes increase the risk of late-onset type 2 diabetes [2, 3] .
Hepatocyte nuclear factor-1 α (HNF-1α, now known as transcription factor-1 [TCF1]), which is responsible for MODY3, is a transcription factor regulating a number of liver-and beta-cell-specific genes. The gene is located on chromosome 12q24, which has shown linkage to late-onset type 2 diabetes [4] [5] [6] [7] [8] [9] [10] , and a private G319S missense variant has been associated with type 2 diabetes in Canadian OjiCree individuals [11] . Common variations in the HNF-1α gene have been associated with impaired insulin secretion [12, 13] . We recently studied genetic variation in and across the gene by genotyping 21 common single nucleotide polymorphisms (SNPs) in 4,100 individuals. Several SNPs showed nominal association with type 2 diabetes, including rs1920792 and two missense mutations, rs1169288 (I27L) and rs1800574 (A98V) in the Scandinavian samples. However, these SNPs were not associated with type 2 diabetes, either in another sample of 4,400 individuals from North America and Poland, or in the combined sample of ∼9,000 persons [14] . A concurrent large association study testing 29 SNPs in HNF-1α in 5,307 individuals from the UK also concluded that common variation in HNF-1α is not associated with type 2 diabetes [15] , with the exception of the rare A98V polymorphism (3%) [14, 15] .
It has generally been thought that variants influencing beta cell function would result in earlier onset, while variants influencing insulin sensitivity would result in later onset of diabetes. However, this does not take into account the physiological interplay between insulin secretion and action, i.e. subtle defects in beta cell function should become more easily manifested during conditions of enhanced demand, e.g. insulin resistance as in elderly overweight individuals, as is the case for MODY mutations in the same gene [16] .
To test our hypotheses we studied: (1) the role played by three common missense variants, I27L, A98V and S487N in transcriptional activity in vitro in terms of expression in cell systems; (2) their in vivo effect on insulin secretion; (3) their risk potential, in a new large case-control study, for type 2 diabetes in elderly overweight individuals; and (4) whether these variants affect changes in diabetes-related traits or increase risk of subsequent type 2 diabetes, in individuals followed prospectively for 7 to 20 years. In total 11,108 individuals were included in the study.
Subjects and methods

Plasmid constructs
In vitro mutagenesis was performed on full-length human HNF-1α cDNA using a site-directed mutagenesis kit ( 
Western blot analysis
HeLa cells and INS-1 cells were transfected with 5 μg wildtype or mutant HNF-1α-pcDNA3.1. Blotting was performed as described [17] using anti-HNF-1α (N-19) antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and horseradish peroxidase conjugate anti-goat IgG (Santa Cruz Biotechnology).
Electrophoretic mobility shift assay HeLa cells were transfected with 5 μg of wild-type or mutant HNF-1α -pcDNA3.1. After 24 h, nuclear protein extracts were prepared as previously described [18] and the electrophoretic mobility shift assay (EMSA) was performed [17] [19] . Type 2 diabetes was diagnosed according to WHO criteria [20] , with C-peptide concentrations ≥0.3 nmol/l, no GAD antibodies and age-atonset >35 years ( Table 1 ). The control persons had fasting blood glucose 5.6 mmol/l, and no known family history of type 2 diabetes (Table 1) . 
Prospective studies
We monitored 2,293 (1,051 male/1,242 female) nondiabetic subjects participating in the Botnia study with repeated OGTTs every 2 to 3 years for a median period of 6 years (Table 1) [21] . Of these subject, 132 developed type 2 diabetes. To avoid the confounding effect of overt hyperglycaemia on beta cell function, only subjects who did not convert to type 2 diabetes were included in the study of change in insulin secretion over time.
A total of 4,873 subjects (2,836 males, 2,043 females) from the Malmö Prevention Project (MPP), followed for 15 to 25 years [22] (Table 1) , were also included in a prospective analysis; of these subjects, 491 (372 males, 119 females) developed type 2 diabetes. Diabetes diagnosis was either based upon a clinical diagnosis or measurement of fasting plasma glucose (FPG) concentration during re-examination.
All subjects gave their informed consent to the study, which was approved by local ethics committees. Subjects with genetically verified MODY or type 1 diabetes were excluded.
Measurements
In the Botnia prospective study a 75-g OGTT with measurements of plasma glucose and insulin was performed as previously described [23] . Insulin resistance was estimated by the homeostasis model assessment (HOMA) (fasting serum insulin×FPG/22.5), while beta cell function was estimated as insulinogenic index (I/G30) (insulin 30 min-fasting insulin/glucose 30 min) and disposition index (DI) (I/G30/HOMA), which is a measure of beta cell function corrected for insulin resistance.
Arginine-glucose-stimulated insulin secretion
A total of 200 Swedish men (66±2 years) underwent a stepwise assessment of acute insulin response to arginine at three different glucose concentrations (fasting, 14 and 28 mmol/l) [24] . The insulin response to arginine at a glucose concentration of 28 mmol/l was used as a surrogate measure of total insulin secretory capacity or beta cell mass.
Hyperinsulinaemic-euglycaemic clamp
The same 200 Swedish men underwent a hyperinsulinaemic-euglycaemic clamp, to obtain measures of insulinstimulated glucose uptake (M value) [24] .
Genotyping
Genotyping of rs1920792, rs1169288 (I27L), rs1800574 (A98V) and rs2464196 (S487N) was performed using the allelic discrimination technique (Applied Biosystems, Foster City, CA, USA) on an Applied Biosystems 7900HT instrument using the standard protocol (PCR primers and discrimination primers, see ESM Table 2 ). Genotyping error was determined to 0.1%, using duplicate genotypes with 5% re-genotyping.
Statistical analysis
The data from the dual luciferase assay were analysed by Mann-Whitney and expressed as mean±SD. A p value of <0.05 was considered statistically significant if the normalised luciferase activity was at least 1.5 times that of its comparator [25] .
Normally distributed continuous variables of in vivo measurements are presented as mean±SD, whereas nonnormally distributed data were logarithmically transformed before analysis and presented as median with interquartile range. Nominal p values for regression analysis, general estimation equation (GEE) and Cox survival analysis are presented. A p value of <0.05 was considered statistically significant.
Power for the association study was calculated using the genetic Power Calculator (http://statgen.iop.kcl.ac.uk/gpc/) [26] . Type 2 diabetes disease prevalence was assumed to be 6% both under a dominant model (relative risk [RR]=1.25) and a recessive model (RR=1.45) (α=0.05). Multivariate logistic regression analyses were performed adjusting for age (controls), age-at-onset (cases), BMI and sex.
Prospective studies
Baseline levels and rate change of phenotype residuals between different genotype carriers in the Botnia prospective study were calculated using linear regression analysis adjusted for age, BMI, sex and family history of type 2 diabetes. Standard errors were adjusted for repeated measurements from the same individual by the GEE method [27, 28] , since the repeated measurements of I/G30 were obtained at different time points in different subjects. Phenotypic data from each visit, except the visit of diagnosis for converters and the last visit for the nonconverters, were used in the analysis. Cox proportional hazards model was used to estimate relative genotype and phenotype effect on the risk of developing type 2 diabetes. Survival analyses were stratified for sex and adjusted for family history of diabetes and BMI [29] . A robust variance estimate was used to adjust for within-pedigree dependence, treating each pedigree as an independent entity when calculating the variance of the estimates. Power calculations were performed using the asymptotic normality of the estimates.
Interaction analysis between genotype and phenotype was performed in the Botnia prospective cohort and analysed by multivariate Cox analysis with the model for the hazard h(t)=h 0 (t)*e^(β1*genotype + β2*phenotype +β3*genotype*phenotype). In this formula, β1 is the single effect of the genotype, β2 the single effect of the phenotype and β3 measures the interaction between genotype and phenotype [29] .
All statistical analyses were performed using STATA (StataCorp, College Station, TX, USA) and/or Number Cruncher Statistical Systems, version 2000 (NCSS, Kaysville, UT, USA).
Results
Common variants in the HNF-1α gene influence transcription
Functional consequences of three non-synonymous polymorphisms (I27L, A98V and S487N) were studied comparing the ability of in vitro mutated HNF-1α and the wild-type protein to activate the human GLUT2 promoter. Two cell lines were used: HeLa cells which lack endogenous HNF-1α, and INS-1 cells expressing the corresponding rat Hnf-1α.
Using the GLUT2 promoter in the reporter construct, we observed significantly decreased transcriptional activity in HeLa cells for the L27 (−30%, p<0.0005) and for the combination of L27 and V98 (−50%, p<0.0005). In INS-1 cells only the combination of L27 and V98 (−30%, p<0.05) showed significantly decreased activity (Fig. 1) . Western blot analysis confirmed equal expression of the mutated and wild-type protein (data not shown).
The different variants of HNF-1α were analysed by EMSA to exclude the possibility that this effect was due to impaired DNA-binding capacity. None of the mutated HNF-1α proteins showed differences in binding compared with wild-type protein (ESM Fig. 1 ).
Genotype frequencies
Both the genotyping of the four SNPs rs1920792 (C/T), I27L (T/G), A98V (C/T) and S487N (C/T) in 6,270 individuals from Botnia, Finland and Malmö, Sweden, and the genotyping, in an additional cohort of 4,873 individuals (MPP), of I27L and A98V gave similar genotype frequencies (Table 2) and D′ values (measure of linkage disequilibrium [LD]), as previously published [14] , with results in Hardy-Weinberg equilibrium.
Effects of common variants in the HNF-1α gene on measures of insulin secretion and action in vivo
The effect of the polymorphisms on insulin secretion in vivo was assessed (1) as insulin response to oral glucose, and (2) as insulin response to arginine at 28 mmol/l of glucose, which is a measure of maximum insulin secretory capacity and was used as a surrogate measure of beta cell mass in a subgroup of individuals. The effect of the polymorphisms on insulin sensitivity was assessed by a hyperinsulinaemic-euglycaemic clamp in a subgroup of individuals and expressed as insulinstimulated glucose uptake (M value).
Multiple regression analyses were performed including 2,293 individuals from the Botnia prospective cohort at baseline and last visits (Table 1) . At baseline visit, individuals carrying the LL genotype of the I27L polymorphism showed reduced I/G30 ( p=0.03) and DI ( p=0.01) compared with the II-genotype carriers. The IL-genotype carriers also had reduced I/G30 ( p<0.05) and DI ( p=0.03). Individuals with the V allele of the A98V polymorphism showed reduced I/G30 ( p=0.004) compared with individuals with the AA genotype. At the last visit, carriers of the LL genotype had lower I/G30 ( p=0.01) and DI ( p=0.01) than individuals with the II genotype. The DI was also lower for the heterozygous IL-genotype carriers ( p=0.02). Carriers of the V allele of the A98V polymorphism showed both significantly reduced I/G30 ( p=0.0004) and DI ( p=0.0003), compared with carriers of the AA genotype (Table 3) .
Although these data suggested impaired beta cell function both at entry and at the end of follow-up, they did not show whether there was a true deterioration of beta cell function over time. To address this question, we applied a linear regression analysis with GEE adjusted for age, BMI, sex and family clustering in the 2,293 subjects followed for 6 years. In fact, individuals with the V allele of the A98V polymorphism showed significantly reduced I/G30, ( p=0.003) compared with AA-genotype carriers (Fig. 2a) , whereas no significant changes either in I/G30 or DI over time were observed for the I27L and S487N polymorphisms (Fig. 2b) .
Glucose-potentiated arginine-stimulated maximal insulin secretion among 200 men from the Malmö Preventive Trial study [24, 30, 31] showed no significant differences in insulin secretion between the different genotype carriers, suggesting that the polymorphisms had no large effect on this surrogate measure of beta cell mass (data not shown). Also, carriers of the V allele of the A98V polymorphism showed higher M values corrected for lean body mass than carriers of the AA genotype (7.1±2.9 vs 5.5±2.7 mg kg fatfree mass
, p=0.03), suggesting enhanced insulin sensitivity. In keeping with these findings, control individuals carrying the V allele in the case-control study had lower HOMA-IR values, indicating better insulin sensitivity than the AA-genotype carriers (1.5±0.8 vs 1.7±1.5, p=0.02).
Association between SNPs in the HNF-1α gene and type 2 diabetes in elderly overweight individuals
The rs1920792, I27L, A98V and S487N were genotyped in 1,511 type 2 diabetic patients and 2,225 controls of Scandinavian origin ( Table 2) . Two of the investigated SNPs (I27L and S487N) showed nominally significant allelic association to type 2 diabetes (odds ratio [OR]=1.1, p=0.02 and OR=1.1, p=0.03, Table 3 ); however, when permutated 10,000 times, this was no longer significant ( p=0.06 and p=0.08), although power calculations showed >75% power to detect an association under a dominant (RR=1.25) and recessive model (RR=1.45). We also evaluated haplotype block structure between the four SNPs using the Haploview 3.2 program [32] , in which D′ values were calculated with 95% CIs [33] . The four SNPs were not part of a common haplotype block, although three of the four variants (rs1920792, I27L and S487N) showed strong LD with D′ between 0.93 and 1 (ESM Table 3 ). The I27L and S487N were not in LD with A98V (D′<0.3), which is in line with other findings [14] .
In multivariate logistic regression analysis without adjustments, the LL genotype of I27L was significantly associated with type 2 diabetes compared with the II genotype with an OR=1.4 (1.2-1.8) (p=0.0009) and when adjusting for sex, BMI and age, OR=1.5 (1.2-1.9) ( p=0.002). Meta analyses of published data support the association with type 2 diabetes (ESM Figs. 2 and 3 ). Initially we hypothesised that the HNF-1α variants might play a role in deterioration of insulin secretion, especially in elderly and overweight individuals, since age and BMI are strong predictors of type 2 diabetes. This was in fact the case in individuals above the median of 60 years of age (410 cases, age at onset 66±6 years; 1,036 controls, age at visit 64±2 years) where the OR increased to 2.1 (1.3-3.2) ( p=0.002) for the LL-genotype carriers. The risk was also more pronounced in overweight individuals, BMI >25, (1,129 cases, BMI 31±5; 1,076 controls, BMI 28±3), OR=1.5 (1.1-2.0) ( p=0.009). The combined analysis of individuals above 60 years with BMI >25 (336 cases, BMI 31±4, age at onset 67±5; 520 controls, BMI 28±2, age at visit 64 ±2) yielded an OR= 2.2 (1.3-3.7) (p =0.003) ( Table 3) . Of note, re-analysis of previously published case-control data from Botnia [14] revealed OR=1.4, p=0.2 (n=866) in all individuals, whereas in overweight individuals OR=1.7, p=0.06 (n=596). Combining these published case-controls (n=4,433) and our data further strengthened the results to OR=1.5, p=0.0008 for all individuals and OR= 1.5, p=0.001 (n =2,801) for the overweight individuals.
The I27L polymorphism in the HNF-1α predicts future risk of type 2 diabetes
In the Botnia prospective study, 132 of the 2,293 individuals converted to type 2 diabetes during the median follow-up of 6 years [29] . The I27L polymorphism did not confer an increased risk of future type 2 diabetes (hazard In the MPP cohort the L allele was associated with a modestly increased risk of type 2 diabetes as compared with the II genotype in overweight individuals (BMI> 25), HR=1.3 (1.0-1.6), p=0.04 (Table 3 ). The power to find an association to diabetes was 33% for the L allele of the I27L polymorphism and 21% for the V allele of the A98V polymorphism. No interaction between the polymorphisms was observed in any of the two cohorts (data not shown).
Discussion
In this study we found that certain polymorphisms in the HNF-1α gene, i.e. I27L, A98V and S487N were associated with: (1) reduced transcriptional activity in vitro; (2) lower glucose-stimulated insulin secretion in vivo; (3) a further deterioration of insulin secretion over a 6-year period; (4) enhanced insulin sensitivity; and (5) increased risk of type 2 diabetes in elderly overweight individuals.
When expressing combinations of HNF-1α variants in HeLa cells, we observed a reduction in transcriptional activity for the L27 variant irrespective of the variant at codon 98 (Fig. 1a) . Similar results were observed using a rat albumin promoter (data not shown). The reduction in transcriptional activity in carriers of L27 was about 40%, which should be compared with an approximately 90% reduction in carriers of the most common MODY 3 mutations, the P291fsinsC mutation (data not shown). Although the finding was, as expected, less pronounced in INS-1 cells (Fig. 1b) expressing endogenous HNF-1α, this clearly suggests that both L27 and V98 influence transcription. Some caution is, however, warranted in generalising c dominant model. ↓=Negative regression coefficient; -=tested but no significant difference data from transient expression studies to the in vivo situation. The I27L polymorphism resides in the dimerisation domain and the A98V is located two amino acids upstream of the DNA-binding domain, which are wellconserved regions between human, rat and mouse. Replacing the amino acids could result in a small conformational change and thereby alter the function or the expression of the protein. Theoretically, impairment in dimerisation could influence DNA binding. Although we did not directly measure dimerisation, no change in DNA binding was observed using EMSA. The nearest mutation previously studied is the L107I mutation, which has an effect on transcriptional activity and causes MODY [34] . No functional studies have previously been performed on mutations between amino acids 12 and 107.
The in vitro observation of decreased transcriptional activity was reflected in vivo by a reduced insulin response to oral glucose. We observed a consistent decline in the 30-min insulin response to the OGTT (I/G30) over time in carriers of the A98V polymorphism. This is in line with earlier cross-sectional findings of a 20% decrease in Cpeptide concentrations at 30 min in carriers of the A98V polymorphism [35] and reduced first-and second-phase insulin secretion during a hyperglycaemic clamp in carriers of the I27L polymorphism [13, 36] . The 30-min insulin response reflects an early dynamic insulin response most probably dependent upon glucose being metabolised in the beta cells. This could be compatible with the decreased transcription of GLUT2 in the cell lines. It has also been suggested that HNF-1α might influence islet size and, indeed, the Hnf-1α −/− mouse is characterised by decreased islet mass [37] . We used the insulin response to arginine, measured at high glucose concentrations of 28 mmol/l, as an in vivo surrogate measure of islet mass, as this maximum response should be dependent upon total islet mass. We could not, however, demonstrate any effect of the variants on the maximum insulin response, suggesting that these variants may not have a great effect on islet mass. Of note, this was a post hoc analysis in a limited number of subjects. Importantly, the V-allele carriers also showed increased insulin sensitivity, as estimated from increased M value during the clamp and reduced HOMA-IR values. This is in line with earlier findings that carriers of mutations that cause MODY3 show increased insulin sensitivity [16, 38] . Nothing, however, is known of the molecular mechanisms by which variations in HNF-1α could influence insulin sensitivity. The enhanced insulin sensitivity might be an important means of counteracting the untoward effects of impaired beta cell function on glucose tolerance [16] . In our previous large study [14] , we found a nominal association between SNPs in HNF-1α and type 2 diabetes in the Scandinavian cohort, but there was no significant effect in the entire sample of ∼9,000 individuals, which also included patients from Poland and USA, and this despite the fact that a nominal test of heterogeneity was negative. To further address this issue in Scandinavians, a new casecontrol study with cases from the local Diabetes Registry and ethnically matched controls from the Malmö European Prospective Investigation into Cancer and Nutrition cohort [22] were collected. Although we found no allelic association to type 2 diabetes, individuals carrying the LL genotype had an increased risk of developing the disease, particularly if they were overweight and >60 years of age.
These findings are compatible with the hypothesis that the risk of developing type 2 diabetes for any variant influencing insulin secretion should be increased in obese elderly individuals, whose beta cells have been exposed to the stress of insulin resistance for a long period of time. In support of this, in the prospective Malmö cohort, the I27L polymorphism predicted subsequent type 2 diabetes in overweight individuals followed for 25 years. These findings suggest that the metabolic consequences of impaired beta cell function induced by the polymorphisms in HNF-1α are greatest in insulin-resistant individuals, but could be alleviated by the simultaneous enhancement of insulin sensitivity.
Clearly, we cannot deny the possibility of false positive results, given the number of tests performed for association of insulin secretion with four genetic variants in HNF-1α, and the level of significance used. Since we restricted the analysis to two measures of insulin secretion (I/G30, DI; r 2 =0.7), most of the results would stand a Bonferroni correction. However, it was reassuring to see that the associations found at nominal p values were observed with consistency in the different subsets, supporting the notion that common polymorphisms in HNF-1α could be associated with impaired transcriptional activity and consequently with impaired insulin secretion.
In conclusion, our data show that certain combinations of common variants in HNF-1α are associated with decreased transcriptional activity in vitro and a decreased insulin response to oral glucose in vivo, which further decreases with time. The I27L polymorphism seems to be associated with an increased risk of type 2 diabetes, particularly in elderly overweight individuals. In future studies of polymorphisms influencing insulin secretion, the central role of insulin resistance in triggering the disease should be considered.
